Purpose: Carotid artery imaging is important in the clinical management of patients at risk for stroke. Carotid intraplaque hemorrhage (IPH) presents an important diagnostic challenge. 3D magnetization prepared rapid acquisition gradient echo (MPRAGE) has been shown to accurately image carotid IPH; however, this sequence can be limited due to motion-and flow-related artifact. The purpose of this work was to develop and evaluate an improved 3D carotid MPRAGE sequence for IPH detection. We hypothesized that a radial-based k-space trajectory sequence such as "Stack of Stars" (SOS) incorporated with inversion recovery preparation would offer reduced motion sensitivity and more robust flow suppression by oversampling of central k-space. Materials and Methods: A total of 31 patients with carotid disease (62 carotid arteries) were imaged at 3T magnetic resonance imaging (MRI) with 3D IR-prep Cartesian and SOS sequences. Image quality was determined between SOS and Cartesian MPRAGE in 62 carotid arteries using t-tests and multivariable linear regression. Kappa analysis was used to determine interrater reliability. Results: In all, 25 among 62 carotid plaques had carotid IPH by consensus from the reviewers on SOS compared to 24 on Cartesian sequence. Image quality was significantly higher with SOS compared to Cartesian (mean 3.74 vs. 3.11, P < 0.001). SOS acquisition yielded sharper image features with less motion (19.4% vs. 45.2%, P < 0.002) and flow artifact (27.4% vs. 41.9%, P < 0.089). There was also excellent interrater reliability with SOS (kappa 5 0.89), higher than that of Cartesian (kappa 5 0.84). Conclusion: By minimizing flow and motion artifacts and retaining high interrater reliability, the SOS MPRAGE has important advantages over Cartesian MPRAGE in carotid IPH detection. Level of Evidence: 1 J. MAGN. RESON. IMAGING 2017;45:410-417 C arotid artery atherosclerotic plaque is a major cause of stroke, accounting for 10-25% of ischemic strokes in the United States.
arotid artery atherosclerotic plaque is a major cause of stroke, accounting for 10-25% of ischemic strokes in the United States. 1 Studies using magnetic resonance imaging (MRI) suggest that carotid inflammation, intraplaque hemorrhage (IPH), and plaque luminal surface disruption (disruption of fibrous cap), are associated with increased risk of ischemic stroke. [2] [3] [4] [5] [6] [7] Carotid IPH is an important plaque component and can be identified with heavily T 1 -weighted sequences. One T 1 -weighted sequence that has proven useful is the magnetization prepared rapid acquisition gradient echo (MPRAGE), an inversion recovery prepared fast spoiled gradient recalled sequence. 8, 9 Ota et al compared three different T 1 -weighted sequences and concluded that MPRAGE exhibited higher diagnostic capability for the detection and quantification of IPH.
The basic premise of the MPRAGE sequence is that tissue with long T 1 relaxation times (blood and muscle) can be differentiated from tissue with short T 1 relaxation times (hemorrhage and fat) using nonselective inversion recovery preparation. Hemorrhage can be further delineated from fat by the addition of fat saturation to the sequence. The inversion time is selected to minimize the signal from flowing blood and other tissues to allow for maximum hemorrhage contrast.
Although promising, MPRAGE accuracy can be limited by patient motion and flow-related artifact. Higherresolution 3D MPRAGE requires long scan times to compensate for reduced signal-to-noise ratio (SNR), increasing the likelihood of motion artifacts and nondiagnostic studies. A previous study found that over one-third of MPRAGE exams exhibit motion artifacts. 11 Elimination of motion artifact will improve IPH detection and better assess IPH location relative to surface disruption. A motion-robust 3D radial and Cartesian hybrid sequence such as 3D "Stack of Stars" (SOS) has been used to acquire volumetric k-space data, where radial sampling is performed in-plane (along ky and kx) and Cartesian sampling is used along the slice dimension (kz). 12 Compared with conventional Cartesian sampling, radial sampling has greater motion robustness because of its varying sampling directions and oversampling of the center of k-space. 13 The purpose of this study was to compare image quality of the 3D MPRAGE sequence with SOS vs. conventional Cartesian k-space acquisition schemes.
The aim of this work was to determine if the SOS technique would decrease artifacts encountered using the Cartesian MPRAGE sequence, increase image quality, and retain high interrater reliability.
Materials and Methods

Pulse Sequence
The 3D inversion recovery stack of stars (3D IR SOS) sequence was implemented with an inversion recovery preparation and spoiled segmented fast low-angle shot (FLASH) readout capable of Cartesian and SOS trajectories (Fig. 1) . A nonselective hyperbolic secant adiabatic inversion RF pulse 14 was applied before each Turbo-FLASH (TFL) readout train to provide a uniform inversion of spins even in the presence of a nonuniform B1 field and inverts spins within the entire sensitive volume of the transmit coil. Following the IR preparation, all phase-encoding steps along the slice direction ("partitions") are acquired sequentially before lines at different angular positions (spokes) are acquired. This ensures that the sampling time of the Cartesian trajectory is kept short, which leads to high data consistency within the spoke stack and preserves the motion robustness of radial sampling for the 3D SOS geometry. The Cartesian phase-encoding steps are performed in linear order fromk zmax to 1 k zmax . The same radial or k y line for all partitions was acquired with a linear k z -space ordering in the slice direction in the Cartesian trajectory. In the SOS trajectory, the spokes angles were incremented in a small pseudo-golden angle to acquire eight interleaves in 3608 to reduce temporal coherences in k-space. In this case, motion inconsistencies are spread out in k-space and artifacts are visually attenuated. The gradient polarity (readout direction in k-space) of every second spoke was alternated so that adjacent spokes in k-space readout in opposite directions (Fig. 2) , which reduces the sensitivity to motion and the visual impact of off-resonance effects.
Signal excitation was performed by a water excitation pulse for optimal vessel outer wall definition and to avoid chemical shift artifacts. The magnetization of blood flowing into the imaging slab is inverted by the IR preparation and should ideally experience the same number of inversion pulses experienced by the stationary tissue.
By using the same imaging parameters including echo time (TE), inversion time (TI), repetition time (TR), and bandwidth (BW), the longitudinal magnetization should be same for both Cartesian and SOS acquisitions. When the magnetization reaches steady state after several repetitions, the longitudinal magnetization can be expressed as:
where
Equation (1) was used with scanning parameters matched with our present protocols to simulate and compare the signal behavior of important components including IPH, vessel wall, and blood. For the simulation T 1 values of 500, 1000, 1550 msec, representing hemorrhage, soft tissue (muscle, vessel wall), and blood are compared. In this simulation a linear k-space ordering in the slice direction was used with following parameters; TE/TR 5 3.5/ 10.0 msec, TI 0 /TI d 5 100/50 msec, flip angle 5 118, and number of slices 5 64, and partial Fourier 5 6/8. The imaging parameters used in simulation were typical values suggested in other variant MPRAGE techniques.
9,11,15
Patient Population
Institutional Review Board (IRB) approval was obtained. Informed consent was obtained from all subjects. In subjects with impaired decisional capacity, legally authorized representative consent and patient assent was obtained. This was a prospective imaging study on patients with known carotid disease. Inclusion criteria included patients with at least 2 mm of carotid plaque on previous clinical imaging. Patients were recruited from neurovascular clinics or inpatient services. Exclusions included patients under 18, prisoners, pregnancy, or those with contraindications to MRI (eg, pacemaker). A total of 31 patients (62 carotid arteries) underwent 3T carotid MRI.
MRI Protocol
Each patient underwent 3T carotid MRI with a custom carotid coil, and IPH was detected by MPRAGE sequence. 11 The parame- "motion" 5 motion degradation, "fat sat" 5 incomplete local fat saturation resulting in high signal in adjacent fat and sternocleidomastoid, "flow" 5 high lumen signal due to flow artifact, "signal" 5 borderline MPRAGE signal due to high noise or low signal. For each reason of image degradation, 1 was subtracted from the maximum score of 5 to give the image quality rating. Interrater reliability was determined between the three observers (B.W.A., L.B.E., J.S.M.).
Statistical Analysis
To determine image quality between SOS vs. Cartesian, mean image quality was first compared between SOS vs. Cartesian using a t-test. This was followed by linear regression analysis on the outcome (image quality) and the primary predictor (SOS vs. Cartesian). Finally, a multivariable linear regression analysis was performed with confounders of body mass index (BMI), age, male sex, and disease severity (MPRAGE positive plaque). Kappa analysis was used to calculate interrater reliability. Significant differences in image quality were determined by two-tailed t-tests. Differences between percentages of scan limitations (motion, fat sat, flow, and signal) were determined by chi-square tests. All statistical analyses were performed with Stata 13.1 (Statsoft, Tulsa, OK). Results Figure 3 shows the simulation results obtained using Eq [1] . The simulated signals from different tissue were compared with inversion times of 250 msec, 350 msec, and 400 msec. Arrows shown in simulated signals at the center of kz where the number of a pulses reaches 32 in Fig. 3a-c . Based on imaging parameters used in the simulation, the inversion time of 350 msec shown in Fig. 3c can provide a reasonable black-blood effect and the best contrast between the hemorrhage and other tissues at the center of k-space. A more important consideration is that this technique must be highly sensitive to hemorrhage, which is characterized by T 1 -shorterning in both the intracellular and extracellular methemoglobin state. Figure 3 also shows the simulated magnetization behavior of hemorrhage, muscle, and blood by changing of the flip angle a when the center of k-space has an inversion time of 350 msec (the bottom right-hand side graph, Fig. 3d ). Our simulation results showed that for the typical imaging parameters used in MPRAGE acquisition (TE/TR 5 3.5/10.0 msec, TI 0 /TI d 5 100/50 msec, and number of slices 5 64 with 6/8 partial Fourier), inversion time of 350 msec and a flip angle of 118 can be used to achieve a reasonable imaging result that is sensitive to detect hemorrhage and to visualize the vessel wall.
A total of 62 carotid arteries were imaged. Representative carotid MPRAGE images obtained from a patient with atherosclerosis and IPH are shown in Fig. 4 . The 3D IRprep-SOS sequence demonstrated excellent blood suppression and clear visualization of IPH relative to wall and lumen. The imaging quality comparison results are summarized in Tables (1-4) . In Table 1 , image quality (on a scale from 1-5) was significantly higher with SOS compared to Cartesian (mean 3.74 vs. 3.11, P < 0.001). The slope of 0.62 in Table 2 indicates the positive correlation between image quality and SOS vs. Cartesian techniques. 21 After multivariable regression, this high correlation was preserved when controlling for factors commonly associated with decreased image quality, including BMI, age, sex, and disease state (MPRAGE positive plaque) as shown in Table 3 . Also, comparing SOS to Cartesian carotid images, motion artifact was decreased (19.4% vs. 45.2%, P 5 0.002), fatsaturation failure was persistent (51.2% vs. 51.2%, P 5 1.0), blood flow artifact was decreased (27.4% vs. 41.9%, P 5 0.89), and signal was less limited (38.7% vs. 64.5%, P 5 0.004), as shown in Table 4 . 
Discussion
Our study shows that the 3D IR SOS MPRAGE sequence is a motion-robust and flow-insensitive method for carotid IPH detection. 3D IR SOS images consistently showed decreased motion-and flow-related artifacts. IPH delineation was also much more clearly shown using SOS acquisition compared to Cartesian given the relative preservation of signal. Because the traditional 3D IR Cartesian MPRAGE sequence is the current standard for both carotid MRI research and the clinical standard at multiple institutions, [9] [10] [11] it was chosen as the control sequence against which to compare the 3D IR-SOS sequence. The quality comparison result in Table 4 shows that motion robustness was significantly higher with SOS compared to Cartesian. The relatively high motion robustness of the SOS sequence mostly derives from the fact that motion causes phase modulations in k-space. During the traditional Cartesian trajectory data acquisition, these motion-related phase variations affect the constant phase differences between the parallel kspace lines and cause severe ghosting artifacts in image space. In the 3D SOS sequence, however, k-space is acquired radially with varying orientation for each line, which means that motion-induced phase effects cannot introduce gaps between adjacent k-space lines that would cause ghosting artifacts. Furthermore, because of the radial geometry, the oversampled k-space, which has an averaging effect due to redundant acquisition of the central information, can add a first-order correction for motion-induced phase errors by adding a constant phase offset to each line to make the phase at the center space the same for all lines. 16 Therefore, motion artifacts appear much more benign as radially oriented streaks and as local blurring of the image, which are less likely to hide pathologic abnormalities and usually do not degrade image quality in a comparable way to ghosting artifacts. 17 There was a positive correlation (regression slope 5 0.62) between image quality and SOS vs. Cartesian techniques. 21 There also was excellent interrater reliability between the three reviewers with SOS (kappa 5 0.89), slightly greater than that of Cartesian (kappa 5 0.84). The overall quality of 3D IR-SOS images was significantly higher than that of Cartesian images. This is an important step forward for MPRAGE imaging at 3T. A prior study had reported that image quality is better at 1.5T compared to 3T Cartesian MPRAGE, even after controlling for confounders. 11 In that prior study, 3T MPRAGE Cartesian images were degraded due to motion, local fat-saturation failure, and flow artifact compared to the 1.5T images. These are known limitations of high-field strength imaging. 18 Since general radial trajectories have higher sampling rates at the center of k-spaces, which results in less time efficiency to cover whole k-space compared to the Cartesian trajectory. To comply with the Nyquist criterion of Cartesian sampling, the radial trajectories often require longer scan time (5 min vs. 3 min). By using the SOS sequence in this study, even the penalty of longer scan time, we have improved upon these sequence limitations. This is important, as carotid MPRAGE is increasingly used in the clinical evaluation of patients with suspected stroke. A limitation of this study is that motion and flow artifact were not completely eradicated with the SOS modification; however, a further decrease or elimination of these artifacts may be accomplished with cardiac-gating and postprocessing in a manner similar to the cineMPRAGE technique. 19 Another limitation of this study was the lack of a true gold standard for IPH, although in previous research we found that Cartesian MPRAGE signal highly correlates with IPH on histology. 11 A further limitation of the SOS MPRAGE sequence is that it did not improve local fat saturation failure and this remains a significant contributor to image degradation at 3T. This reduced efficacy of frequency-selective fat-saturation pulses is a known complication of 3T imaging and is secondary to B0 inhomogeneity. These artifacts may be mitigated by improved field shimming and optimal positioning of the patient in the zdirection, since these effects are more pronounced the further the image slice is positioned from isocenter. 20 In conclusion, 3T MPRAGE image quality is improved when using SOS compared to Cartesian. With both techniques, there was high interrater reliability, although with SOS it is slightly higher. These results suggest the SOS sequence should be used in preference to Cartesian MPRAGE in both clinical and research applications. 
